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(57) Abstract: This invention relates to a method of analysing a sample (21) in Raman spectroscopy, the method comprising tuning 
the molecules of the sample (21) with monochromatic light, collecting and analysing the light mat has Raman scattered from the 
sample (21) with a spectrometer (25). The method comprises using a cover slip (22) below an objective (24), filling the space 
between the objective and the cover slip (22) with a first immersion liquid (28) and the space between the cover slip (22) and the 
sample (21) surface with a second immersion liquid (27), and selecting said second immersion liquid (27) so that the refractive index 
of the second immersion liquid (27) is substantially the same as the refractive index of the sample (21) to be analysed. 
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Analysing a sample in raman spectroscopy 

This invention relates to a method of analysing a sample in Raman 
spectroscopy, the method comprising tuning the molecules of the sample with 
monochromatic light, and collecting and analysing the light that has Raman 
5 scattered from the sample with a spectrometer. The invention also relates to a 
measurement arrangement for performing Raman spectroscopy, the meas- 
urement arrangement comprising a sample, an immersion objective, a spec- 
trometer and a source of monochromatic light. 

The invention is related to sample analysis which requires high ac- 
10 curacy, and particularly to performing mapping measurements in the depth 
direction. It is known that sample analysis of this kind is performed in Raman 
spectroscopy. The analysis provides information on the vibration of molecules, 
which can be utilized for identifying the sample and finding out its chemical 
composition. By means of a microscope the analysis can be restricted to a 
15 very small volume of the sample. The sample molecules are tuned with 
monochromatic light. Part of this light Raman scatters from the sample to be 
analysed so that the light wavelength changes. The Raman scattered light is 
collected and analysed with a spectrometer. The intensity of this Raman scat- 
tered light as a function of frequency is called the Raman spectrum of the 
20 sample. The spectrum provides both quantitative and qualitative results, and 
the spectrum can be compared with reference lists and digital databases. 

Immersion objectives are used in the prior art to improve the resolu- 
tion. This is achieved using a substance with a refractive index higher than 
that of air together with an immersion objective. Immersion objectives are gen- 
25 erally used in light microscopy, whereas in Raman spectroscopy they are used 
only in some special applications. For example, when biological samples are 
analysed with the Raman spectroscopy, water immersion objectives are some- 
times used, mainly to prevent excessive heating of the sample. 

In the measurement arrangements described above problems are 
30 caused by reflection of the tuning light and the light that has Raman scattered 
from the sample on the sample surface, scattered light and an imaging error. 
These phenomena are caused by the fact that the beams of light are sub- 
jected to great differences in refractive index, and thus they prevent the tuning 
light from penetrating into the sample and focusing on it. Scattered light is ran- 
35 dom reflection that occurs on the sample surface and is caused by variations 
in the refractive index on the surface which is rough due to pores and different 
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particle forms. The scattered light weakens the resolution in the x,y plane. The 
imaging error, i.e. sample aberration, results from refraction of light on the 
sample surface. The beams with different angles of incidence refract differ- 
ently and the common focal point is lost. This weakens the depth resolution 
5 and collection efficiency may decrease even by half. 

An object of the present invention is to solve the above-mentioned 
problems and to provide a method for performing Raman spectroscopy more 
efficiently and accurately than before. This object is achieved with a method of 
the invention which is characterized by filling a space between an objective 
10 and the sample with an immersion liquid, and selecting said immersion liquid 
so that the refractive index of the immersion liquid is substantially the same as 
the refractive index of the sample to be analysed. A second method of the in- 
vention is characterized by using a cover slip below the objective, filling the 
space between the objective and the cover slip with a first immersion liquid 
1 5 and the space between the cover slip and the sample with a second immer- 
sion liquid, and selecting said second immersion liquid so that the refractive 
index of the second immersion liquid is substantially the same as the refractive 
index of the sample to be analysed. 

The invention also relates to a measurement arrangement for per- 
20 forming Raman spectroscopy which can be utilized in the application of the 
method according to the invention. The measurement arrangement of the in- 
vention is characterized in that the measurement arrangement also comprises 
an immersion liquid for filling a space between the objective and the sample, 
the refractive index of the immersion liquid being substantially the same as 
25 that of the sample. A second preferred embodiment of the invention is charac- 
terized in that the measurement arrangement also comprises a cover slip, a 
first immersion liquid between the immersion objective and the cover slip and a 
second immersion liquid between the cover slip and the sample, the refractive 
index of the second immersion liquid being substantially the same as the re- 
30 fractive index of the sample to be analysed. 

The invention is based on the idea of eliminating the great differ- 
ences in refractive index between the objective and the sample which cause 
light refraction and reflection, which are disadvantageous to the analysis. 
When the space between the objective and the sample is filled with an immer- 
35 sion liquid which is selected so that its refractive index is very close to that of 
the sample, light can travel the whole distance from the objective inside the 
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sample and the collected Raman scattering can travel back to the objective 
without great variations in the refractive index. This provides several advan- 
tages. The most important advantages are the following: more light penetrates 
into the sample as the sample surface becomes smooth and variations in the 
5 refractive index are eliminated when the immersion liquid fills the pores on the 
sample surface, and light focuses better on one point since there will be no 
imaging error. In that case the collection efficiency and depth resolution of the 
Raman scattered light improve. A numerical aperture, i.e. an NA value, can be 
used as the gauge of collection efficiency. The value is determined according 
10 to the following formula 

NA = n s\na 

where n is the refractive index of the medium and a is the angle of 

15 incidence at which a beam hits the sample. In practice, the maximum value of 
the numerical aperture is 0.95 when a dry objective is used, but considerably 
higher NA values are achieved with an immersion objective. If the refractive 
index of the sample is 1 .5, the NA value of the dry objective will be 0.63 ac- 
cording to the above-mentioned formula. Thanks to the increased collection 

20 efficiency, the measurement times can be reduced even by half, and thus the 
sample does not heat up too much. An additional advantage is that the immer- 
sion liquid cools down the sample, which enables use of a tuning light with a 
higher power without damaging the sample. 

In a preferred embodiment of the method according to the invention 

25 immersion liquid is added both above and below the sample. In that case no 
air can be left below the sample, which might cause above-mentioned prob- 
lems resulting from discontinuities in the refractive index. 

In a second preferred embodiment of the method according to the 
invention a liquid which is substantially not Raman active is selected as the 

30 immersion liquid to be used on the sample surface. This means that immersion 
liquids with a strong Raman spectrum are eliminated because the spectrum 
might overlap with the spectrum of the sample to be analysed and thus disturb 
the analysis. 

The preferred embodiments of the method and measuring ar- 
35 rangement of the invention are disclosed in the dependent claims. 

In the following, the invention will be described by way of example 
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with reference to the accompanying drawings, in which 

Figure 1 is a flow chart illustrating a method according to the inven- 
tion, and 

Figures 2A and 2B illustrate a measurement arrangement according 
5 to the invention. 

Figure 1 is a flow chart illustrating a method according to the inven- 
tion. It is assumed, by way of example, that a paper coating is analysed by 
measuring it in the depth direction by means of Raman spectroscopy. A micro- 
scope is used for restricting the analysis to a very small sample volume. An 

10 immersion objective, a cover slip and two different immersion liquids are used 
in the measurement. 

In step 1A a cover slip is placed below the objective, and the sam- 
ple to be analysed, e.g. coated paper, is placed on the slide below the cover 
slip. The refractive index n N of the paper coating used as an example is about 

15 1.55. It consists of pigment, e.g. calcium carbonate with a refractive index of 
approximately 1.56, and of a binder, e.g. styrene butadiene latex with a refrac- 
tive index of approximately 1.55. In addition, the paper coating may totally or 
partly consist of kaolin pigment with a refractive index of approximately 1 .55. 
In step 1B the space between the objective and the cover slip is filled with a 

20 first immersion liquid, which is immersion oil with a refractive index n, of ap- 
proximately 1.5. This immersion oil has been selected so that its refractive in- 
dex is very close to that of the cover slip, which is also about 1.5. In practice, 
the manufacturer of the immersion objective also supplies the immersion oil 
together with the objective. The manufacturer of the objective may also state 

25 what kind of cover slip should be used with the immersion objective. The cover 
slip is a separate part, and in special cases the immersion objective can also 
be used without the cover slip. In step 1C a liquid with a refractive index as 
close to that of the sample as possible is selected as a second immersion liq- 
uid. In this example a liquid with a refractive index close to 1 .55 is thus suit- 

30 able for use as the second immersion liquid. Silicon oil with a refractive index 
n 2 of about 1.5 is selected as the second immersion liquid. This second im- 
mersion liquid is used for filling the space between the cover slip and the sam- 
ple and the space between the sample and the slide. The actual analysis 
starts in step 1 D. The molecules of the sample are tuned with monochromatic 

35 light, i.e. with laser. In this example the light wavelength is 785 nm, but other 
wavelengths could also be used. The Raman spectrum of the second immer- 
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sion liquid should not be too strong or overlap with the Raman spectrum of the 
sample. The silicon oil and the paper coating function together rather well in 
this respect, too. In step 1 E the light that has Raman scattered from the sam- 
ple is collected and analysed with a spectrometer. As a result of the analysis, 
5 the spectrometer provides a Raman spectrum which describes the intensity of 
the Raman scattered light in relation to the frequency. Streaks in the Raman 
spectrum indicate chemical properties of the sample at the measured depth. In 
step 1 F the distance between the objective and the sample is changed e.g. by 
increasing the sample level by 1 jim and by performing the analysis at this 

10 depth. The distance can be changed repeatedly, in which case distribution of a 
certain substance into different depths of the sample can be found out by fol- 
lowing changes in the Raman spectrum. The sample can also be moved in the 
x,y plane. In step 1G deconvolution is performed. This means that a concen- 
tration profile is calculated for the sample on the basis of the response function 

15 of the Raman instrument and the measurement result, i.e. intensity of the Ra- 
man function. This profile allows more accurate analysis of the results. In the 
formula that expresses the function of the depth of Raman intensity 

00 

\f{z-x)s{z)dx 

20 

f(z) is the response function of the Raman instrument, which has the form f(z- 
x) when it is integrated over the sample thickness, and s(z) is the concentra- 
tion profile, which is unknown at this stage. According to the convolution theo- 
rem, the following holds true 

25 

/(z) = F(z)5(z), 

where the capitals represent Fourier transformations of the corresponding 
functions. The function s(z) that represents the concentration profile is calcu- 
30 lated from the formula 

from which the function s(z) representing the concentration is finally obtained 
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by inverse Fourier transformation. 

Figure 2A illustrates a measurement arrangement according to the 
invention. The measurement arrangement shown comprises a microscope 23, 
an immersion objective 24, and a Raman spectrometer 25 for performing the 
5 analysis, a laser 26 being used as the source of tuned light in the spectrome- 
ter. The measurement arrangement also comprises a slide 29 onto which a 
sample 21 is placed, a cover slip 22, and a first 28 and a second 27 immersion 
liquid. The figure also shows a Raman spectrum 30 which is obtained as a 
result of the spectrometer analysis. The streaks in the spectrum provide infer- 
1 0 mation on the chemical properties of the sample. The layers of a stack formed 
between the slide 29 and the objective 24 are pressed tightly together before 
the analysis so that there would be no air causing discontinuities in the refrac- 
tive index between the layers. This stack can be moved in the vertical direction 
to adjust the focus on different depths of the sample 21 . For this purpose the 
15 measurement arrangement may comprise means for adjusting the distance 
between the objective 24 and the sample 21. The objective 24 may include an 
adjustment based on the piezoelectric phenomenon, for example, for adjusting 
the distance by means of a computer. The adjustment margin can be 100 ^im, 
for example. The distance adjustment may also be mechanical and provided in 
20 the microscope. Adjustment in the x,y plane can be performed by means of 
micrometer screws. When the distance between the objective 24 and the 
sample 21 is adjusted, the thickness of the immersion liquid layer 28 between 
the objective 24 and the cover slip 22 changes. 

The measurement arrangement shown in Figure 2A can be used for 
25 analysing e.g. a paper coating up to the depth of 30 jam. In the case of a dry 
sample, i.e. when the light travels in the air between the objective and the 
sample, only a depth of about 4 jim can be achieved. The Raman spectrome- 
ter 25 may be e.g. a confocal Raman spectrometer in which a pinhole struc- 
ture improves positional resolution, i.e. restricts the access of photons gener- 
30 ated by Raman scattering outside the focal point to the detector. For example, 
the immersion oil 28 which is supplied by the manufacturer of the objective 
and has a refractive index very close to that of the cover slip 22 can be used 
together with the immersion objective 24. The second immersion liquid 27, the 
selection of which is central to this invention, can be e.g. silicon oil, glycerine, 
35 xylene, toluene, liquid teflon or water, depending on the refractive index of the 
sample to be used, the Raman spectrum and the wavelength and fluores- 
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cence of the tuning light. A liquid which changes the composition of the sam- 
ple 21 cannot be selected as the second immersion liquid 27. Thus e.g. dis- 
solving substances cannot be used. The immersion oil 28 supplied by the 
manufacturer of the immersion objective 24 is also suitable for use as the sec- 
5 ond immersion liquid 27, provided that the refractive index of the sample 21 is 
close to the refractive index of the immersion oil 28 but the Raman spectrum 
of the sample does not overlap with that of the immersion oil 28. Thanks to 
good positional resolution, the Raman scattering of the first immersion liquid 
28 and the cover slip 22 does not have a disadvantageous effect on the Ra- 

10 man spectrum measured from the focal point. Typical samples 21 that can be 
analysed by the measurement arrangement of the invention include multi-layer 
polymer films, paper coatings and light-scattering coatings and paints. 

Figure 2B illustrates another preferred embodiment of the meas- 
urement arrangement according to the invention, in which no cover slip is used 

15 with the objective 24 of the microscope 23, but the space between the objec- 
tive 24 and the sample 21 as well as the space between the sample 21 and 
the slide 29 are filled with one immersion liquid 27*. Otherwise the embodiment 
of Figure 2B corresponds to that shown in Figure 2A. 

The same principles apply to the selection of the immersion liquid 

20 27' as to the selection of the second immersion liquid in Figure 2A. The most 
important requirement is that the refractive index of the immersion liquid 27* 
should be as close to the refractive index of the sample 21 as possible. The 
Raman spectrum of the immersion liquid 27' should not be too strong or over- 
lap with the Raman spectrum of the sample 21 . Furthermore, the immersion 

25 liquid 27' should not cause any changes in the properties of the sample 21 . 

It is to be understood that the above description and the drawings 
related thereto are only intended to illustrate the present invention. Those 
skilled in the art will recognize that many modifications and variations may be 
made without departing from the spirit and scope of the present invention de- 

30 fined in the appended claims. 
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CLAIMS 

1. A method of analysing a sample (21) in Raman spectroscopy, the 
method comprising 

tuning the molecules of the sample (21) with monochromatic light, 
5 collecting and analysing the light that has Raman scattered from the 

sample (21 ) with a spectrometer (25), characterized by 

filling the space between an objective (24) and the sample (21) sur- 
face with an immersion liquid (27'), and 

selecting said immersion liquid (27') so that the refractive index of 
10 the immersion liquid (27') is substantially the same as the refractive index of 
the sample (21) to be analysed. 

2. A method of analysing a sample (21) in Raman spectroscopy, the 
method comprising 

tuning the molecules of the sample (21) with monochromatic light, 
15 collecting and analysing the light that has Raman scattered from the 

sample (21 ) with a spectrometer (25), characterized by 

using a cover slip (22) below an objective (24), 

filling the space between the objective (24) and the cover slip (22) 
with a first immersion liquid (28) and the space between the cover slip (22) and 
20 the sample (21) surface with a second immersion liquid (27), and 

selecting said second immersion liquid (27) so that the refractive in- 
dex of the second immersion liquid (27) is substantially the same as the refrac- 
tive index of the sample (21 ) to be analysed. 

3. A method according to claim 1 or 2, characterized in that 
25 immersion liquid (27, 27') is also added below the sample (21). 

4. A method according to any one of claims 1 to 3, character- 
ize d in that a liquid which is substantially not Raman active is selected as 
the immersion liquid (27, 27') to be used on the sample surface. 

5. A method according to any one of claims 2 to 4, character- 
30 i z e d in that the same liquid is selected as the first (28) and the second (27) 

immersion liquid. 

6. A method according to any one of claims 1 to 5, character- 
ize d in that the sample (21) is analysed at different depths by adjusting the 
distance between the objective (24) and the sample (21). 
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7. A measurement arrangement for performing Raman spectros- 
copy, the measurement arrangement comprising a sample (21), an immersion 
objective (24), a spectrometer (25) and a source (26) of monochromatic light, 
characterized in that the measurement arrangement also comprises 

an immersion liquid (27') for filling the space between the objective 
(24) and the sample (21), the refractive index of the immersion liquid being 
substantially the same as the refractive index of the sample (21). 

8. A measurement arrangement for performing Raman spectros- 
copy, the measurement arrangement comprising a sample (21), an immersion 
objective (24), a spectrometer (25) and a source (26) of monochromatic light, 
characterized in that the measurement arrangement also comprises 

a cover slip (22), a first immersion liquid (28) between the immer- 
sion objective (24) and the cover slip (22) and a second immersion liquid (27) 
between the cover slip (22) and the sample (21), the refractive index of the 
second immersion liquid (27) being substantially the same as the refractive 
index of the sample (21 ) to be analysed. 

9. A measurement arrangement according to claim 8, charac- 
terized in that the same liquid is used as the first (28) and the second (27) 
immersion liquid. 

10. A measurement arrangement according to any one of claims 7 
to 9, characterized in that the immersion liquid (27, 27') is also used 
below the sample (21 ). 

1 1 . A measurement arrangement according to any one of claims 7 
to 10, characterized in that the measurement arrangement comprises 
means for adjusting the distance between the objective (24) and the sample 
(21) for analysing the sample at different depths. 

12. A measurement arrangement according to any one of claims 7 
to 11, characterized in that the sample (21 ) to be analysed is polymer 
film and the immersion liquid (27, 27*) is silicon oil. 

13. A measurement arrangement according to any one of claims 7 
to 12, characterized in that the sample (21 ) to be analysed is paper 
coating and the immersion liquid (27, 27') is silicon oil. 



WO 01/36949 



PCT/FIOO/00981 



1/2 




1A _ PLACE SAMPLE WITH REFRACTIVE 

INDEX n N BELOW COVER SLIP 

J 



1B — 



FILL SPACE BETWEEN OBJECTIVE AND COVER 
SLIP WITH FIRST IMMERSION LIQUID WITH 
REFRACTIVE INDEX 

£ 



SELECT SECOND IMMERSION LIQUID WITH REFRACTIVE 
1 C ~4 INDEX n 2 so THAT n 2 * n N AND ADD IT BETWEEN COVER 
SLIP AND SAMPLE AND BELOW SAMPLE 



1D^ 



I 



TUNE SAMPLE MOLECULES WITH 
MONOCHROMATIC LIGHT 



1E 



1E 



i 



COLLECT AND ANALYSE LIGHT THAT HAS RAMAN 
SCATTERED FROM SAMPLE WITH SPECTROMETER 

ADJUST DISTANCE BETWEEN OBJECTIVE AND SAMPLE 



TO ANALYSE SAMPLE AT DIFFERENT DEPHTS 



1G — 



I 



PERFORM DECONVOLUTION TO FIND OUT 
CONCENTRATION PROFILE 



T 



WO 01/36949 



CT/FI00/00981 



2/2 




30 



FIG. 2A 




FIG. 2B 



INTERNATIONAL SEARCH REPORT 



International application No. 

PCT/FI 00/00981 



A. CLASSIFICATION OF SUHJF.CI MA'ITFK 



IPC7: G01N 21/65 

According to International Patent Classification (IPC) or to both national classification and IPC 



b. i ii«:lossi:arciu:o 



Minimum documentation searched (classification system followed by classification symbols) 

IPC7: G01N 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 

SE,DK,FI,N0 classes as above 



Electronic data base consulted during the international search (name of dala base and, where practicable, search terms used) 



C. DOCUMENTS CONSim'KICD TO HI- ki:i.i:vant 



Category 1 



Citation of document, with indication, wliurc appropriate, of the relevant passages 



Relevant to claim No. 



EP 0503236 A2 (INTERNATIONAL BUSINESS MACHINES 

CORPORATION), 16 Sept 1992 (16.09.92), page 5, 
line 45 - line 54; page 7, line 6 - line 11, 
figure 2b, abstract 

abstract 



US 4411525 A (T.0GAWA), 25 October 1983 (25.10.83), 
column 6, line 39 - line 59, abstract 



US 4714345 A (B. SCHRADER) , 22 December 1987 
(22.12.87), claims 5-8, abstract 



1,3-7,10-11 



2,8-9,12-13 



1,3-7,10-11 



1-13 



f ^'\ further documents arc listed in the continuation of llox C. | )j See patent family annex. 



* Special categories of cited documents: 

"A" document defining the general stale of the art which is not c<msidcrcd 

to he of particular relevance 
*K* earlier application or patent but published cm cr alter the international 

filing date 

"I." document which may ihrrnv doubts on prinrity daim(s) or which is 
cited to establish the puhlicauun dale of another ciUlian <«r other 
special reason (as specified) 

"O" document rclerring to an oral disclosure, use, exhibition <ir other 
means 

"P* document published prior to the international filing dale hut later than 
the priority date claimed 



"V later document published after the international filing date or priority 
date and not in conflict with the application hut died to understand 
the principle or theory underlying the invention 

"X" document ol particular relevance: the claimed invention cannot be 
cfmsidcred novel or cannot he considered to involve an inventive 
step when the document is taken alone 

* Y" diKumcnl of particular relevance: the d aimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
hdng obvious to a person skilled in the art 

"A" document member of the same patent family 



Dale of the actual completion of the international search 



23 Febrmry 2PP1 



Date of mailing of the international search report 

2 5 -p*:-- 2001 



Name and mailing address of the ISA/ 

Swedish Patent Office 

Box 5055, S-102 42 STOCKHOLM 

Facsimile No. + 46 8 fiftfi 02 86 



Authorized ollicer 



Mats Raidla/LR 

Telephone No. 4-40 8 782 25 Ut) 



Form PCT/ISA/2IO (second sheet) (July 1998) 



INTERNATIONA 

Information on 


L SEARCH REPORT 

patent family members 


Intel national application No. % - 

PCT/FI 00/00981 > 

'•it 


Patent document 
cited in search report 


Publication 
date 


Patent family 
member (s) 


Publication 

dam J 



EP 



0503236 A2 16/09/92 



JP 
JP 
JP 
US 
US 



1987116 C 
5157701 A 
7018806 B 
5208648 A 
5220403 A 



08/11/95 
25/06/93 
06/03/95 
04/05/93 
15/06/93 



US 


4411525 


A 


25/10/83 


DE 


2904787 A,C 


09/08/79 










DE 


7903488 U 


06/09/79 










JP 


54109488 A 


28/08/79 


us 


4714345 


A 


22/12/87 


DE 


3424108 A,C 


09/01/86 










FR 


2566903 A,B 


03/01/86 










GB 


2162961 A,B 


12/02/86 










GB 


8516412 D 


00/00/00 










JP 


61020841 A 


29/01/86 



Purm PCI7ISA/2IO (patent family annex) (July IV98) 



